Abstract -Bovine mammary epithelial cells contribute to the innate immune response to intramammary infections by recognizing pathogens through specialized pattern recognition receptors. Toll-like receptor 4 (TLR4) is one such receptor that binds and is activated by lipopolysaccharide (LPS), a component of the outer envelope of Gram-negative bacteria. In this study, MAC-T cells (a bovine mammary epithelial cell line) were incubated in the presence or absence of increasing concentrations of LPS for 24 h. Expression of TLR2 and TLR4 were analyzed at both mRNA and protein levels by quantitative real-time PCR (qPCR) and flow cytometry, respectively. The mRNA of both receptors were up-regulated by all concentrations of LPS used (P < 0.01). Similarly, flow cytometry with specific antibodies against TLR2 and TLR4 detected increased surface expression of these proteins. Furthermore, expression of downstream TLR4 signaling molecules was examined by qPCR following varying exposure times to 1 μg/mL of LPS. Results demonstrate that the required adaptor molecules and transcription factors were up-regulated in a time-dependent manner. Both the MyD88 dependent and independent pathways in TLR4 signaling were activated in MAC-T cells. Expression of TOLLIP increased in response to LPS as did the pro-apoptotic protease, CASP8. These results suggest that the bovine mammary epithelium possesses the necessary immune repertoires required to achieve a robust defense against E. coli. The current findings, coupled with previous findings that S. aureus ligands induce up-regulation of TLR4, may indicate a positive adaptation by mammary epithelial cells to effectively respond to different types of mastitis pathogens.
INTRODUCTION
Mammary epithelial cells mount defense against invading pathogens by detecting their respective danger signals or ligands and initiating appropriate immune responses. Tolllike receptors (TLRs) are expressed by the epithelia and other immune cells, such as patterns, some pathogens are known to trigger more than one TLR [28, 38] . TLR4 is one of the best characterized TLRs and is mainly activated by lipopolysaccharide (LPS), a component of Gram-negative bacteria. TLR2 recognizes other cell wall components including those found on Gram-positive bacteria (e.g. peptidoglycan, lipoteichoic acid, lipoproteins) and also LPS from Leptospira interrogans and Porphyromonas gingivalis.
Activation of TLR4 by LPS induces two signaling pathways known as the MyD88 dependent and independent pathways. Circulating LPS is detected by the lipopolysaccharide binding protein (LBP), which transfers it to the receptor complex CD14/MD-2/TLR4. Upon LPS binding TLR4 recruits, through its short intracellular toll-interleukin-1 receptor (TIR) domain, adaptor molecules and kinases, thus initiating a downstream signaling cascade that culminates in the secretion of pro-inflammatory cytokines and chemokines [39, 40] . With the exception of TLR3, signal transduction by most TLRs requires the adapter molecule, myeloid differentiation factor 88 (MyD88) [1, 2, 39] . The MyD88 dependent pathway in TLR4 signaling requires the adaptor proteins TIRAP (TIR domaincontaining adaptor protein) and MyD88 to initiate a downstream cascade leading to nuclear translocation of nuclear factor (NF)-κB and production of pro-inflammatory cyctokines [26] . On the other hand, the independent signaling pathway is controlled by the adaptors TICAM (toll-like receptor adaptor molecule) 1 or TRIF (TIR-domain-containing adaptor inducing interferon-β) and TICAM 2 or TRAM (TRIF-related adaptor molecule) which activates the transcription factor IRF3 (IFN regulatory factor 3) and the production of IFN-β [46, 47] . TIRAP is also involved in TLR2 signal transduction through the MyD88 dependent pathway [22, 45] . Thus while both TLR4 and TLR2 signaling activates NF-κB through the MyD88 dependent pathway, only TLR4 and not TLR2 activates IRF3. Excessive production of pro-inflammatory cytokines may lead to cellular injury and hence harmful to cells. Therefore, cytokine production and excessive pathogen growth must be controlled. TOLLIP (toll interacting protein) and CASP8 (caspase 8) are two molecules that are involved in these processes. TOLLIP serves as a negative regulator of TLR-signaling through modulating production of pro-inflammatory cytokines and the effects associated with over production [49] . Another defensive mechanism of the host against pathogen invasion is initiation of apoptosis, which is of special benefit against bacterial and viral infections because it could prevent multiplication of pathogens and spread of infection. Apoptosis can be initiated by members of the caspase family of cysteine proteases [11] and triggered by TLR ligands such as LPS, dsRNA, and lipoproteins [5, 24] .
An array of studies conducted in the last decade with knockout mice and human cell lines has largely enabled our understanding of host immune responses, through the MyD88 dependent and independent pathways, to the presence of LPS [39] . However, specific events involving these pathways by immune cells of cattle, particularly the mammary epithelial cells, are less known. In addition, mRNA sequences and chromosomal location of most genes of TLR4 signaling molecules in cattle were not available until recently [10] . The role of mammary epithelial signaling of the immune system in response to LPS has been proven by several investigations in cattle [4, 7, 30, 32, 38] . Persson Waller et al. [32] observed a marked increase in milk and lymph interleukin (IL)-8 concentrations and milk somatic cell counts in mammary epithelial cells challenged with LPS. Similarly, Boudjellab et al. [7] observed that MAC-T cells produce IL (interleukin)-8 in response to Escherichia coli derived LPS. Furthermore, Goldammer et al. [17] noted a coordinated up-regulation of TLR4 and TLR2 mRNAs during intramammary infection induced by Staphylococcus aureus, a Gram-positive bacterium. However, little is known about the roles of TLR4 or TLR2 signaling adaptors in the translocation of NF-κB and IRF3 transcription factors which are crucial initiators of the expression of the necessary pro-inflammatory cytokines required by the mammary epithelial cells of cattle to fight invading pathogens.
Gram-negative bacteria cause some of the most economically important diseases of cattle such as brucellosis, metritis, enteric colibacillosis, salmonelossis, coliform septicemia, mastitis, pneumonia, and campylobacteriosis [12] leading to heavy losses in the dairy and beef industries. Mastitis is the most prevalent disease in dairy herds and develops in response to intramammary bacterial infections. Efforts at controlling most of these diseases have focused on the improvement of vaccines, antibiotic therapy, and general management practices. Attention is also being focused at strengthening the innate immune response of the host to invading pathogens [29, 37] . A better understanding of the signaling mechanisms involved in innate immune responses to bacterial products by the bovine mammary gland is fundamental to facilitate the development of strategies aimed at controlling these infections.
Our aim, therefore, was to determine the response pattern of TLR4 signaling molecules in a bovine mammary epithelial cell line (i.e., MAC-T cells), following exposure to LPS derived from Escherichia coli and also to determine the expression profiles of the adaptor proteins involved in the activation of NF-κB and IRF3. We also examined the role of TLR2 owing to available lines of evidence that both TLR2 and TLR4 were up-regulated in the mammary gland after infection by Grampositive bacteria. 
MATERIALS AND METHODS

Reagents and antibodies
LPS from
Cell line and culture conditions
MAC-T, a transformed bovine mammary epithelial cell line developed by Huynh et al. [25] was used. Cells were grown to 95% confluence in the medium containing 1% each of antibioticantimycotic solution (100X) and fetal bovine serum, and 44% each of DMEM/nutrient mixture F-12 HAM and RPMI medium 1640 at 37
• C in 5% CO 2 humidified incubator.
LPS induction of MAC-T cells
Confluent cells were treated with 0.00, 0.01, 1.00, 5.00, and 10.00 μg/mL LPS in replicates of 3 each to determine their response to different concentrations of LPS. Treated cells were grown for 24 h after which total RNA was isolated and the mRNA of TLR4 and TLR2 quantified by real-time PCR. In other studies, cells were seeded, grown to about 95% confluence and treated with 1.00 μg/mL LPS in replicates of 3 each. Total RNA was isolated at 0, 2, 6, 12, 24, 48, and 72 h following LPS exposure to determine the effect of LPS on the response pattern of molecules involved in TLR4 mediated signal transduction in mammary epithelial cells.
RNA isolation and reverse transcription
Total RNA was isolated from cells with the TRIzol Plus RNA Purification System (Invitrogen) according to Invitrogen's instructions. The quality of extracted RNA was determined by agarose gel electrophoresis through staining with ethidium bromide and visualization under UV light. The OD260/OD280 ratio of samples was measured with NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE, USA) and ranged from 2.05 to 2.29. Residual DNA was removed from extracted total RNA by treatment with DNase 1 (Invitrogen). RNA was then reversed transcribed into cDNA with SuperScript III SuperMix for qRT-PCR (Invitrogen). The RT reaction mixture, which contained 2 × RT reaction mix (includes SuperScript III RT and RNase-OUT™), 2 μL Enzyme Mix (2.5 μM oligo (dT) 20 , 5 ng random hexamers, 10 mM MgCl 2 and dNTPS), and 1 μg total RNA, was incubated at 25
• C for 10 min and the temperature increased to 50
• C for 50 min. The reaction was terminated at 85
• C for 5 min and immediately chilled on ice. Two units of E. coli RNase H was added to the RT mixture and incubated at 37
• C for 20 min. cDNA was further diluted with DEPC treated water and stored at -70
• C until used.
Real-time quantization of the mRNAs of TLR4 signaling molecules in MAC-T cells after LPS induction
Messenger RNA of selected molecules including TLR4 and TLR2 (Table I ) involved in the induction of cellular pro-inflammatory and apoptotic responses following LPS binding to the tripartite complex TLR4/MD-2 or LY96/CD14, as demonstrated in human and mouse studies [39] , were quantified by real-time qPCR. Primers for qPCR were designed to have the same annealing temperature and in most cases span exon boundaries with Invitrogen's OligoPerfect TM software and synthesized by Invitrogen. The SYBR GreenER™ qPCR SuperMix Universal (Invitrogen) and the ABI 7500 Real-Time PCR System (Applied Biosystem, Foster City, CA, USA) were used in the qPCR analysis. The qPCR mix was in a final volume of 10 μL and contained 1 × SYBR GreenER™ qPCR SuperMix Universal, 200 nM each primer, 50 nM Rox dye, and 40% diluted cDNA. The thermal profile included an initial uracil DNA glycosylase (UDG) incubation for 2 min at 50
• C followed by UDG inactivation and DNA polymerase activation for 10 min at 95
• C. This was followed by 40 cycles of 95
• C for 15 s, 56
• C for 35 s and 60
• C for 60 s. The integrity of amplification indicated by a single melt peak for each product was verified by a dissociation curve analysis at 95
• C for 15 s, 60
• C for 1 min and 95
• C for 15 s and further confirmed by the detection of a single (and expected) product after agarose gel analysis.
Experimental considerations and statistical analysis
In the qPCR run, each target was again replicated three times. The relative quantification method and the ABI 7500 System SDS Sequence Detection Software version 1.3.1 (Applied Biosystems) were used in mRNA quantification. Results were expressed as fold changes relative to the zero time point. Two endogenous genes, Figure 1 . Relative expression ratios of TLR4 and TLR2 mRNA in MAC-T cells induced with different concentrations of LPS after 24 h. Fold expression and significance is relative to 0.0 μg/mL LPS concentration. ** P < 0.01, *** P < 0.001.
β-actin and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were initially tested for their stability in expression under the experimental conditions and found to be both stable. However, only β-actin was further used as an endogenous control. Pair-wise significance in mRNA abundance of treatments (different time points) vs. zero time point was analyzed using randomization and bootstrapping test (50 000 iterations) implemented in REST 2005 BETA version 1.9.12 1 [33] . An efficiency correction ratio for each target was used in calculating pair-wise significance.
Flow cytometric analysis
Based on the observed up-regulation of TLR2 by quantitative real-time PCR, flow cytometry was used to determine the surface expression of the toll proteins. Cells were grown to 95% confluence and either treated with 1.0 μg/mL of LPS for 24 h or untreated (control). Cells were washed in Dulbecco's phosphate-buffered saline (DPBS) (Invitrogen), detached by trypsin enzyme (Invitrogen) digestion and washed again. The cell suspension (10 6 cells/mL) was incubated with or without PE-labeled antimouse/human TLR2 or clone T2.5 (eBiosciences) or FITC-labeled mouse anti-human TLR4 or clone HTA125 (Serotec) antibodies for 30 to 35 min in the dark. Thereafter, cells were washed with 3 mL 1 http://www.gene-quantification.info/ of DPBS and analyzed using BD FACSAria™ (Becton Dickinson Immunocytochemistry Systems, San José, CA, USA). The TLRs were selectively gated for analysis and data were collected from 10 000 events per sample. The percent fluorescence and the mean channel number of fluorescence were used as a quantitative index of TLRs response. The analysis was carried out using BD FACSDiva software (Becton Dickinson Immunocytochemistry Systems).
RESULTS
LPS upregulates both TLR4 and TLR2 in the bovine mammary epithelial cell line, MAC-T cells
Stimulation of MAC-T cells with LPS upregulated significantly the mRNAs of TLR4 and TLR2 after 24 h, as compared to non stimulated cells (Fig. 1) . The expression levels of TLR4 mRNA were significantly increased (1.8-2.2 folds, P < 0.01) by the stimulation of all the applied concentrations of LPS when compared to the control. However, a dosedependent effect was not observed. On the other hand, the stimulation of LPS also significantly increased the expression of TLR2 mRNA. It is noteworthy that when 10 μg/mL of LPS was used, the fold of induction increased to 3.8, which was significantly higher than other concentrations.
A time-dependent response was studied using 1.0 μg/mL LPS (Fig. 2) . Significant upregulation of TLR4 or TLR2 mRNA was observed as early as 6 h (P < 0.05) or 24 h (P < 0.01) respectively, after LPS exposure. The mRNA levels of both genes increased steadily with time except for the slight decease at 48 h time point for TLR4.
To verify LPS-induced up-regulation of TLR2 and TLR4, specific monoclonal antibodies against these receptors were used for flow cytometric analysis of LPS-exposed mammary epithelial cells. Increased surface expression of the toll proteins was detected within 24 h of stimulation with 1.0 μg/mL LPS. The mean channel fluorescence in treated cells as compared to untreated cells was 1224 vs. 554 for TLR4 and 3394 vs. 1671 for TLR2, respectively (Fig. 3) , which is similar to the results by real-time qPCR.
Up-regulation of MyD88 and NF-κB in LPS stimulated MAC-T cells is time dependent
LPS initiated the up-regulation of the adaptor molecule, MyD88 (Fig. 4) . The MyD88 molecules increased gradually, as compared to untreated cells and peaked significantly (P < 0.05) at 72 h post induction. LPS-induced up-regulation of NF-κB occurred more rapidly than MyD88 upregulation. Within 6 h of exposure, the NF-κB abundance had tripled (P < 0.01) and but for the slight decrease (0.5 fold) at the 12th hour, increased steadily up to the 72nd hour (Fig. 4). 
The adapter molecule, TICAM2 and the transcription factor, IRF3 of TLR4 signaling are up-regulated in response to LPS in MAC-T cells
Up-regulation of TICAM2 was mild in the first 48 h post induction, with a significant increase, 1.7 fold, seen at 72 h (P < 0.05) (Fig. 5) . In contrast, increased IRF3 expression was evident 12-24 h after LPS exposure (P < 0.05).
Response patterns of CASP8 and TOLLIP in the TLR4 signaling pathway in LPS induced MAC-T cells
TOLLIP, the negative regulator of inflammation was activated in a time dependent manner after LPS stimulation (Fig. 6) . As early as 2 h, the fold increase in the mRNA of TOLLIP had already doubled that of untreated cells (time 0), increased steadily with time, with the highest increase achieved at 24 h and decreased thereafter. These increases were significant from 2 h (P < 0.05) post induction. LPS-induced up-regulation of CASP8 was evident from 24 h after exposure (P < 0.05) (Fig. 6) . 
DISCUSSION
Available lines of evidence indicate that bovine mammary epithelial cells respond to bacterial lipopolysaccharide and other microbial products by producing proinflammatory cytokines required to combat invading pathogens [4, 7, 17, 30, 32, 38] . Other epithelial cell types (e.g. bronchial epithelial cells [18] , nasopharynx epithelial cells [48] , etc.) have also been shown to respond to LPS. Since Gram-negative bacteria are responsible for some of the most costly diseases of dairy cattle, understanding the TLR-mediated signaling pathways, particularly the LPS-mediated signaling, in bovine mammary epithelial cells is necessary.
In the host system, LPS capture is facilitated by LBP and the receptor complex comprised of CD14, MD-2 (or LY96), and TLR4, implying specificity of LPS recognition by this TLR. Several findings with knockout mice and human cell lines have established this fact (review by [39] ). Our study however demonstrates that LPS up-regulates both TLR4 and TLR2 in bovine mammary epithelia cells. The up-regulation of TLR2 is supported by findings by Faure et al. [16] and Fan et al. [14] who demonstrated receptor cross talk in their studies. Both groups demonstrated that LPS is capable of activating TLR2 expression in an NF-κB dependent manner. They observed that the up-regulation of TLR2 was secondary to the activation of TLR4 signaling, rather than direct LPS activation of TLR2, due to the presence of NF-κB binding sites on TLR2. Upregulation of the transcription factor, NF-κB was therefore crucial for LPS-TLR4 dependent up-regulation of TLR2 in these studies. As shown by our data, NF-κB production tripled by the 6th h post induction while TLR2 mRNA only reached significant levels (doubled) by the 24th hour, and continued to increase as NF-κB increased. Therefore, it can be postulated that the increase of TLR2 depended on the increases of NF-κB. However, several studies have shown a lack of human or murine TLR2 involvement in LPS signaling [15, 20, 41] . Also, it is possible that the mammary epithelia cells or gland may have its own specific manner of responding to the presence of pathogenic products which may be different from other cell types and organs. In a recent study, Goldammer et al. [17] experimentally induced Staphylococcus aureus mastitis in bovine mammary gland and observed a coordinated up-regulation of the mRNAs of both TLR2 and TLR4. Staphylococcus aureus is a species of Gram-positive bacteria, which is expected to up-regulate only TLR2. In addition, TLR4 and TLR2 expression has been observed in inflammation-induced renal epithelial cells [44] and in Trichonomas vaginalis (flagellated protozoan parasite) infected HeLa cells [9] . Taken together, these findings may point to yet unknown factors in the mammary gland that would facilitate recognition of microbial products (whether from Gram-negative or positive bacteria) by both TLR4 and TLR2. It may also be an evolutionarily acquired adaptive attribute of the mammary gland to help it fight infections since it is constantly under attack by invading pathogens. Furthermore, TLR2 has been shown to recognize LPS preparations from sources like Leptospira interrogans, Porphyromonas gingivalis, and Helicobacter pyroli, all non-enterobacteria [21, 36, 43] . Another study demonstrated TLR2/CD14 complex as the exogenous mediators of Trypanosoma cruzi induced inflammation [8] .
Therefore, in addition to present established facts, CD14 may also play a role in TLR2 binding with pathogenic products and might have enabled the recognition of LPS from Gram-negative bacteria by this toll.
TLR4 specificity for LPS from Gramnegative bacteria has been demonstrated with TLR4 knock-out mice [23] . Furthermore, a mouse strain possessing a point mutation in the TLR4 gene was shown to be unresponsive to LPS [34] . Consequently, LPS as a potent immune activator can activate TLR4 at smaller concentrations than other activators (e.g. heat shock proteins, fibrinonectins, oligosaccharides, heparin sulfate, and fibrinogen) [39] . This is in good agreement with our study whereby an LPS concentration as low as 0.01 μg/mL was enough to significantly up-regulate TLR mRNA after 24 h. Increasing the concentration of LPS did not result in any change in TLR4 mRNA abundance, except a slight but not significant increase at 10.0 μg/mL (as compared to 0.01 μg/mL) indicating that a very low concentration of LPS or a very small number of attacking pathogens is enough to trigger optimal TLR4 signaling response. TLRs are comprised of a family of germline-encoded transmembrane receptors whose specificity in mode of action has been acquired, refined and perfected over time. Even an increase in the copy number of the TLR4 gene in an individual does not confer it too much advantage in its mode of action indicating a fine balance in gene dosage and action acquired over time. In a recent study, Roy et al. [35] investigated the response pattern of mice carrying one, two, or three copies of the TLR4 gene to Salmonella typhimurium infection and, although found a small difference in survival and bacterial load clearance in individuals carrying three copies of the gene, opined that two copies of the gene per individual represents the most optimal dose possible to fight infections.
The commencement of an infection is always preceded by an attack by a pathogen and in the case, for example, of mastitis induced by Escherichia coli usually occur through a 7-day period. Host response to the initial phases of Escherichia coli mastitis is evident by the recruitment of neutrophils and eventually the production of pro-inflammatory cytokines. The progressive up-regulation of the mRNAs of TLR4 and TLR2 in response to LPS and the TLR4 signaling molecules in our study concurs well with the biological array of events that follow an infection of the mammary gland. Considering that the concentration of pathogenic ligands exposed to the host's cell surface increases as pathogens grow and multiply would give the host enough time to deal with it. The time-dependent up-regulation of the TLR4 signaling molecules therefore follows the biological sequel of events in response to increasing presence/concentration of bacterial ligands.
Following LPS binding to the receptor complex, CD14, MD-2 (or LY96), and TLR4, downstream activation of NF-κB is initiated through the MyD88 dependent pathway and IRF3 through the adaptors TICAM 1 and 2 also known as the MyD88 independent pathway [39] . Our finding has shown that MAC-T cells responded to the presence of LPS by upregulating MyD88 and NF-κB. Activation of NF-κB leads to induction and expression of inflammatory cytokines such as TNFα, IL-6, IL-12, which are essential in inhibiting bacterial activity. MyD88 is a very important link between innate and acquired immunity since all TLRs, except TLR3, signal through it to production of inflammatory cytokines. This essential role was shown clearly in MyD88 deficient mice which failed to produce the representative inflammatory cytokines in response to TLR5 stimulator (flagellin) [19] and to stimulators for other TLRs [42] . Interestingly, our results indicate that the MyD88 independent path way in TLR4 signaling was activated in MAC-T cells as shown by the response patterns of TICAM2 and IRF3. IRF3 activation is responsible for the expression of IFN-β and IFN inducible genes (e.g IP10, glucocorticoid-attenuated response gene 16). The up-regulation of these two transcription factors (NF-κB and IRF3) in the TLR4 signaling pathway in MAC-T cells supports the findings of several studies characterizing cytokine production by the mammary gland following bacterial infections [4, 30] and thus confirming the ability of the mammary gland to mount a robust innate immune response to these infections.
Over production of cytokines following infection however induces serious systemic disorders or septic shock and may lead to high mortality rates in the host [39] . Interestingly, the system has evolved its own mechanism of dealing with such situations. TOLLIP, an adaptor protein initially identified as an intermediate in IL-1 signaling has been recently shown to bind directly to TLR2 and TLR4 thus negatively regulating the activity of NF-κB in TLR signaling [49] and limiting the over production of inflammatory cytokines. Our data showed an increased time dependent upregulation of NF-κB and TOLLIP after LPS induction. Our data therefore indicate that an increased up-regulation of TOLLIP is necessary to counter the effects associated with over expression of NF-κB, thus confirming the findings of Zhang and Ghosh [49] .
To further suppress the multiplication of invading pathogens, the host system has been shown to initiate the processes of apoptosis through the binding of FADD (Fas-associated death domain protein) to the DD (death domain) of MyD88 and the recruitment of CASP8 [3, 13, 27] . The expression of NF-κB and IRF3 induced genes may cause changes in surrounding cells that enhance both innate and acquired responses to pathogenic ligands [27] . The expression pattern of CASP8 in our study shows a trend that did not necessarily concur with the expression patterns of both NF-κB and IRF3 but rather to the length of time cells were exposed to the presence of LPS. This shows a mechanism of response by cells to the presence of a pathogenic ligand and its attempt to deal with the intruder after the necessary genes have been up-regulated by NF-κB and IRF3. Impaired phagosome maturation in the absence of MyD88 or TLR4/TLR2 has been shown to impair phagocytosis of bacteria e.g. Escherichia coli, Staphylococcus aureus, and Salmonella typhimurium due to impaired phagosome maturation [6] . Therefore, the bovine mammary epithelial cells possess the capability of dealing with excess bacterial load by up-regulating the necessary mediators of apoptosis.
In conclusion, our study demonstrates that the bovine mammary epithelial cells respond to the presences of LPS by activating the TLR4 signaling pathway which is necessary to initiate a robust defensive action against intruders. Signaling members of both the MyD88 dependent and independent pathways are actively up-regulated, thereby, ensuring that the necessary players are available to contribute to the regulated expression of inflammatory cytokines and controlled pathogen clearance. Thus, bovine mammary epithelial cells possess immune repertoires necessary to control invading pathogens.
